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thickened, and further dewatered on-site using a centrifuge. In this system, the overall 122 biological oxygen demand (BOD 5 ) and total suspended solids (TSS) removal rate was 123 around 93-98% for both parameters (inlet BOD 5 and TSS concentration of 240 and 280 124 mg L -1 , respectively). 125
Constructed wetland and high rate algal pond systems were hypothetical 126 wastewater treatment plants designed by an engineering company to serve the same 127 population equivalent and treat the same influent and wastewater flow rate as the 128 conventional wastewater treatment plant. The detailed engineering design of both 129 systems was carried out in order to obtain an effluent quality suitable for reuse and 130 irrigation of non-alimentary crops according to Spanish regulations (i.e. TSS< 35 mg L -131 1 , E.coli < 1000 CFU/100mL) (BOE, 2007) as for the conventional wastewater 132 treatment plant. 133
The constructed wetland system consisted of a primary treatment (i.e. three-134 chamber septic tank), two vertical flow constructed wetlands operating alternatively, 135 and a horizontal subsurface flow constructed wetland planted with Phragmites australis. 136
The wastewater treatment plant design was based on literature (García and Corzo, 2008) 137 and on previous studies carried out in an experimental system located at the Universitat 138 Politècnica de Catalunya-BarcelonaTech (UPC) (Barcelona, Spain) . These studies 139 suggested that hybrid constructed wetland systems (i.e. a combination of vertical and 140 horizontal flow constructed wetlands) were an adequate solution for wastewater 141 treatment and reuse in small agglomerations of the Mediterranean region (Ávila et al., 142 M A N U S C R I P T
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With regard to the high rate algal pond system, the design parameters were 146 calculated according to Craggs et al. (2014) and considering the experimental results 147 obtained in previous studies carried out in another experimental system located at the 148 Universitat Politècnica de Catalunya-BarcelonaTech (UPC) (García et al., 2006; 149 Gutiérrez, 2016) . These studies showed that in the Mediterranean climate zones HRAP 150 systems can produce a final effluent suitable for various reuse applications (e.g. effluent 151
TSS concentration < 35 mg L -1 ) if a proper design, operation and harvesting method are 152 considered (Gutiérrez, 2016 , Craggs et al., 2014 . The system considered in this study 153 comprised a three-chamber septic tank, followed by two high rate algal ponds working 154 in parallel. From these units, the wastewater goes through a settler, where algal biomass 155 is harvested and water is clarified. 156
In both constructed wetland and high rate algal pond systems, primary sludge is 157 thickened and dewatered on-site, while treated water is disinfected and reused for 158 irrigation, as for the conventional wastewater treatment plant. The specific area 159 requirement was 0.6, 3.5 and 6 m 2 p.e.
-1 for the conventional wastewater treatment 160 plant, constructed wetland and high rate algal pond systems, respectively. 161
The flow diagrams of the treatment alternatives are shown in Figure 1 . Table 1  162 and 2 show the characteristics and design parameters of the constructed wetland and the 163 high rate algal pond systems. 164 M A N U S C R I P T
LCA is a comprehensive, systematic and standardized procedure for estimating the 171 potential environmental impacts of a product, process or activity using a cradle to grave 172 approach (ISO, 2000; ISO, 2006) . LCA is used for choosing between technologies, 173 products or processes, with a similar performance by accounting for the impacts caused 174 by each alternative over its life cycle. It can be also applied to identifying which life 175 stage brings the most significant environmental impacts and establishing baselines for 176 improvement in further research. The environmental impacts are evaluated by 177 identifying and quantifying energy and materials used and wastes released to the 178 environment through the entire life cycle. LCA consists of four main stages: i) goal and 179 scope definition, ii) inventory analysis, iii) impacts assessment and iv) interpretation of 180 the results (ISO, 2006) . The following sections describe the specific content of each 181 step. 182 183
Goal and scope definition 184
The goal of this study is to compare the potential environmental impacts associated with 185 three alternatives for wastewater treatment for small communities: 186 a) activated sludge system with extended aeration (hereinafter referred as 187 "conventional wastewater treatment plant") (AS); 188 b) constructed wetland system (CW); 189 c) high rate algal pond system (HRAP). 190
As mentioned above, the main function of the systems considered is to treat wastewater 191 and they were designed in order to treat the same influent and wastewater flow rate. For 192 these reasons, the functional unit is 1 m 3 of treated water. 193
System boundaries comprised input and output flows of material and energy 194 resources for the construction and operation of these systems over a 20-year periodM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT (Garcia and Corzo, 2008, Yildirim and Topkaya, 2012) . Demolition and dismantling 196 phases were not considered since the impact would be marginal compared to the overall 197 impact (Lopsik, 2013; Machado et al., 2007) . Direct greenhouse gas (GHG) emissions 198 were considered for all scenarios, since they generally have a large impact on climate 199 change impact categories (Fuchs, et al., 2011; Lorenzo-Toja et al., 2016) . In all 200 scenarios, inputs and outputs associated with sludge disposal (i.e. incineration) were 201 taken into account. Regarding sludge transportation to incineration facility, an average 202 distance of 30 km was adopted, based on circumstances generally observed in our zone. 203 Downstream processes including treated water and algal biomass reuse were not 204 considered. Indeed, in wastewater treatment systems sized at less than 2,000 p.e. energy 205 and nutrients recovery from biomass and sludge (e.g. through anaerobic digestion) is 206 usually not implemented (EC, 2001 , Gallego et al., 2008 . Transportation of 207 construction materials was not accounted for, since it is mainly used during construction 208 work and its contribution only represents a minor fraction of the overall impact when 209 materials are produced locally (Fuchs et al., 2011; Lopsik, 2013) . 210 211
Inventory analysis 212
Inventory data on systems construction and operation referred to the functional unit (1 213 m 3 of water) are shown in Table 3 for each scenario. 214
In the case of the AS scenario, inventory data was provided by the 215 environmental engineering company that designed and implemented the system. With 216 regards to CW and HRAP scenarios, inventory data were based on the detailed 217 engineering designs performed in the frame of this study. 218
In the case of the AS, direct GHG emissions were estimated considering the 219 emissions rates obtained in a previous LCA of a similar wastewater treatment plantM A N U S C R I P T A C C E P T E D 
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Economic assessment 271
The economic assessment was carried out comparing the capital cost and the operation 272 and maintenance cost of each wastewater treatment alternative. In all scenarios, data 273 were gathered from the detailed engineering design and prices were provided by local 274 companies. The capital cost included the cost for earthmoving, construction materials 275 purchase and electrical works. The operation and maintenance cost comprised costs 276 associated to labour, electricity, purchase of chemicals (i.e. consumables), sludge 277 disposal, and ordinary and extraordinary maintenance (e.g. equipment replacement). The conventional wastewater treatment plant (scenario AS) dominated in all 285 impact categories analysed, while the constructed wetland and the high rate algal pond 286 systems (scenarios CW and HRAP, respectively) showed a similar environmental 287 performance. In fact, the environmental impacts of the conventional wastewater 288 treatment plant (scenario AS) were between 2 and 5 times higher than those of the 289 nature-based technologies (scenarios CW and HRAP) for the considered impact 290 categories. This was mainly due to the high electricity and chemicals consumption for 291 the operation of the conventional wastewater treatment plant (Table 3) . Similar results 292 were obtained by previous studies which compared the potential environmental impacts 293 of activated sludge and constructed wetland systems (Dixon et al., 2003; Machado et al., 
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In the case of the AS scenario, the major impact was due to the operation phase 296
(from 85 to 97% of the total impact in all indicators), while the construction phase 297 accounted for less than 12% of the total impact in all indicators. Previous studies 298
showed that, in all considered impact categories the operation phase contribution to the 299 overall impact ranged between 30 and 95% depending on the size of the conventional 300 wastewater treatment plant (from 500 to 680,000 p.e.) (Gallego et al., 2008; Lopsik, 301 2013; Lorenzo-Toja et al., 2016; Machado et al., 2007; Piao, et al., Yildirim and 302 Topkaya, 2012) . Moreover, it was observed that the smaller the size of the conventional 303 wastewater treatment plants, the higher the electricity consumption per cubic meter of 304 treated water (Lorenzo-Toja et al., 2015) . In this study, the high electricity consumption 305
(1.26 kWh m -3 ) was the main responsible for the low environmental performance of the 306 conventional wastewater treatment plant. These facts suggest that the smaller the size of 307 the community, the more appropriate the nature-based solutions are, if compared to 308 conventional wastewater treatment systems. 309
In the case of the CW and HRAP scenarios, the life cycle was influenced by 310 both the construction and operation phases. In regards to Fossil Depletion, Ozone 311 Depletion, Terrestrial Acidification, Freshwater Eutrophication and Marine 312 Eutrophication Potentials, the contribution of the construction and operation stages 313 accounted for 25-35% and 35-65% of the total impact, respectively. On the other hand, 314
Metal Depletion Potential was mainly affected by the construction phase (60-65% of the 315 overall impact). Metal Depletion Potential strongly depends on non-renewable 316 resources required during the overall life cycle. Since nature-based technologies have 317 low raw materials requirements for their operation, the major impact was caused by 318 resources consumption for the systems construction. Moreover, it has to be noted thatM A N U S C R I P T
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than that caused by the CW and HRAP scenarios. Indeed, despite nature-based systems 321 for wastewater treatment comprise low-tech and low-energy processes, they require a 322 large amount of raw material for their implementation (Table 3) . It is due to the large 323 land required for natural wastewater treatment systems to achieve the desired treatment 324 efficiency (0.6, 3.5, 6 m 2 p.e.
-1 for the AS, CW and HRAP scenarios, respectively). This 325 is in accordance with previous studies which observed that, in the case of constructed 326 wetlands, the life stage with the greatest overall impact was the construction (Dixon et 327 al., 2003; Fuchs et al., 2011; Machado et al., 2007) . These authors also suggested that 328 the construction impacts could significantly increase if materials for nature-based 329 systems implementation were transported from a long distance or if systems and 330 equipment had shorter operation lifetime than that estimated. With regards to the 331 Climate Change Potential, construction and operation accounted for around 50% of the 332 overall impact in the HRAP scenario. In the CW scenario, direct GHG emissions, 333 construction and operation phases contributed equally to the overall impact. This fact 334 highlighted the necessity of including gaseous emissions from the wastewater treatment 335 process, as suggested by previous research (Corbella et al., 2017; Corominas et al., 336 2013; Fuchs et al., 2011) . Finally, in all scenarios sludge transportation and disposal had 337 a slight impact (<5% of the total impact) on all considered impact categories, except for 338 Marine Eutrophication Potentials showed to be somewhat sensitive to this parameter 357 (sensitivity coefficient = 0.15 for both environmental indicators). Indeed, a 10% 358 increase of this parameter would increase these indicators by 1.5%. 359
In conclusion, the results were found to be sensitive to CH 4 direct emissions in 360 CW scenario. However, since it affects only one of the impact categories considered 361 (i.e. Climate Change Potential), it can be concluded that the main findings of this study 362 are not strongly dependent on the assumptions considered. 363 364 Table 5 shows the results of the economic analysis. With regard to capital costs, the 368 high rate algal pond system (scenario HRAP) appeared as the less expensive alternative,
Please insert Table 4 365 366
Economic assessment 367
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(scenario AS) systems (Table 5) 
.). 377
The lower capital cost of the HRAP scenario might be mainly attributed to the 378 easier construction and to the lower amount of materials needed compared to the CW 379 and AS scenarios (Table 3) . On the other hand, the higher operation and maintenance 380 cost in AS and HRAP scenarios was mainly due to the higher electricity consumption 381 (Table 3) . Indeed, the energy consumption is a major contributor to the operational and 382 maintenance cost of small scale wastewater treatment plants (<10,000 p.e.) (Gallego et 383 al., 2008 , Tsagarakis et al., 2003 . 384
On the whole, the conventional wastewater treatment system showed to be 385 between 2 and 3 times more expensive than the nature-based technologies. 386 387
Please insert Table 5 388 389
Potential benefits of implementing nature-based solutions for wastewater 390 treatment in small communities 391
In accordance with the results obtained in this study, around 0.6 and 1.3 kg CO2 m -3 are 392 generated by the construction and the operation of nature-based and conventional 393 wastewater treatment systems, respectively (Figure 2 ). This means that, some 45 kg CO2eq 394 p.e.
-1 year -1 could be saved by implementing nature-based solutions instead ofM A N U S C R I P T
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conventional wastewater treatment plants (Table 6 ). In terms of costs, nature-based 396 solutions implementation would save around 350 € p.e.
-1 per system construction and 25 397 € p.e.
-1 year -1 (Table 5) . 398
Nevertheless, systems footprint should be taken into account when land 399 occupation is of major concern. Among nature-based technologies, constructed 400 wetlands are the alternative which requires less land. Indeed, a specific area lower than 401 2 m 2 p.e. 
Conclusions 409
In this study, an LCA was carried out in order to compare three alternatives for 410 wastewater treatment in small communities. Results showed that the potential 411 environmental impact of the conventional wastewater treatment plant (i.e. activated 412 sludge system) was between 2 and 5 times higher than that generated by the nature-413 based systems, depending on the impact category. In particular, the constructed wetland 414 and the high rate algal pond systems presented similar environmental performance. 415
In terms of costs, the conventional wastewater treatment system showed to be 416 between 2 and 3 times more expensive than the nature-based technologies. Specifically, 417 high rate algal pond system appeared as the less expensive alternative, being the most 418 suitable solution from an economic point of view.
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On the other hand, constructed wetland system is more appropriate when the 420 land occupation is of major concern, since it has a smaller footprint compared to the 421 high rate algal pond alternative (3.5 vs. 6 m 2 p.e. M A N U S C R I P T 
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